Voltammetry for charge (ion and electron) transfer at two immiscible electrolyte solutions (VCTIES) has been used to provide insight into the ligand exchange and redox processes taking place during the interfacial reaction of aqueous hexacyanoferrate (II) 
Introduction
Au(III) and Au(I) complexes in aqueous solution can undergo simultaneous transformations such as ligand substitution and redox reactions, which are of particular interest due to their importance in the synthesis of metallic Au nanoparticles, and the extraction/purification of the metal. The redox transformations between Au(III), Au(I) and Au(0) species are influenced by reducing agents, coexisting ligands, electrolytes, and pH, resulting in Au complexes with varying standard redox potentials in water [1] [2] [3] [4] [5] .
The 6 ] 3À ) was employed to decrease the size of Au nanoparticles previously prepared by the oxidation of Au(0) [6] . The pH and electrolyte dependence of aqueous Au(III) and Au(I) species need to be taken into consideration when modelling the reduction process though the thermodynamic properties of species such as [AuCl 3 [11, 12] . Au(I) chloro-complexes, which are plausible reduction intermediates, also readily decompose by disproportionation to Au(III) and metallic Au [13] . Voltammetry for charge (ion and electron) transfer between two immiscible electrolyte solutions (VCTIES) has been used to investigate the reduction of Au ions where the Au species are initially located in an organic phase in contact but immiscible with the aqueous phase containing the reducing reagent. Au deposition at the liquid/liquid interface is well known having been the subject of a number of previous studies including [9, 10, [14] [15] [16] [17] [18] [19] [20] . In the case of hexacyanoferrate, the charge transfer current corresponding to the reduction of [AuCl 4 ]
À and the concomitant oxidation of hexacyanoferrate(II) has been observed [9, 10] . This reaction relies on the initial transfer of [AuCl 4 ] À from the organic to the aqueous phase which is then followed by a homogeneous reaction with hexacyanoferrate(II) to form Au(I), [AuCl 2 ] À . VCTIES can be applied to identify the ionic species based on their ion transfer potential between the aqueous and organic solutions, which is proportional to the difference in solvation energy of ions between the two solutions [21] . The electrochemical transfers of [AuCl 4 ] À [9, 10, 14, [17] [18] [19] [20] , [AuBr 4 ] À [10] or [AuCl 2 ] À [19, 20] between water and organic solutions have been reported, however, the transfers of other Au complexes are, to the best of our knowledge, yet to be reported. Our VCTIES have been combined with X-ray absorption fine structure (XAFS) measurements which can provide detailed information about the local structure around the atoms of a specific element. The coordination structure of Au complexes have been examined in detail, including the identification of valency from X-ray absorption near-edge structure (XANES) [20, 22] , and characterization of AuÀ ÀCl [23] [24] [25] [26] , AuÀ ÀOH [23] [24] [25] and AuÀ ÀCN [26, 27] bonds through the analysis of extended X-ray absorption fine-structure (EXAFS). As XAFS is an elementally specific technique, in-situ XAFS measurements are capable of identifying Au(III), Au(I) and Au(0) species formed in the presence of reducing agents [25, 26, 28, 29] or at high temperature [30] . As such, XAFS analysis of the homogenous solutions provides quantitative understanding of the ligand exchange reactions of the Au complexes and their redox reactions.
In the present study, we combine VCTIES measurements and XAFS as complimentary techniques to understand the interfacial reaction between Au ions and hexacyanoferrate(II the product was purified by recrystallization in ethanol.
Measurement of the voltammogram for charge transfer at the macro and micro water | DCE interface
Two electrochemical cells were employed for the VCTIES: one with a macroscale and one with a micro-scale contact between the two phases. In a conventional macro-interface cell [10] , cyclic voltammetry experiments were performed using a four electrode configuration with an IVIUM "Compactstat" potentiostat (IVIUM Technologies, the Netherlands). No iR compensation was applied for the electrochemical measurements. Homemade Ag|AgCl and platinum gauze were used as the reference electrodes (RE) and counter electrodes (CE) respectively. The counter electrode in DCE was coated with glass to avoid the contact of platinum with water. The water | DCE interface had a cross-sectional area of 0.64 cm 2 and a volume of 2 cm 3 . Further details are described elsewhere [10] .
The micro-interface cell consists of a water chamber and a DCE chamber separated by a 16 mm thick polyester film with a micro hole 30 mm in diameter. The water | DCE interface was formed at the micro hole [31] [32] [33] . In both cells, the potential difference at the water | DCE interface, E, was measured. The potential of an Ag|AgCl electrode in water, was referred to the potential of a BTPPA + ion selective ; z and F are the charge and the Faraday constantÞ, the measured E was converted using the extra-thermodynamic assumption of Parker [34] .
XAFS measurements
XAFS spectra were acquired at the spectroscopy beamline I18 of DIAMOND Light Source (Harwell Science and Innovation Campus, UK) [35] . All measurements were collected in fluorescence-yield mode using an Ortec multi-element solid-state Ge detector to measure the Au L 3 edge. The electron storage ring runs at 3 GeV with a current of 300 mA. A double crystal Si (111) For each measurement, a 1 mL sample solution was placed in a 1.5 mL Eppendorf microcentrifuge tube positioned vertically on a magnetic stirrer plate. XAFS analysis were carried out using the Demeter software package [36] . Energy scales were calibrated according to a standard procedure where the first inflection point of gold foil is known to be 11 919 eV. EXAFS for the AuÀ ÀClÀ ÀOH system (Table 2) were fitted in FT-space using simultaneous k 1 , k 2 and k 3 weightings where k is the photoelectron wave vector. A Hanning-type window with dk = 1 was used for Fourier Transformation from k-space into FT-space. A k-range of 3-12 Å À1 and Rrange of 1-4 Å were used for the fittings, except for the pH 11.77 sample where the window ranges are 3-10 Å À1 and 1.25-4 Å.
One energy shift parameter (DE 0 ) was used for all of the shells. To account for the changes in relative Au(III) and Au(0) compositions, x Au(III) S 0 2 and x Au(0) S 0 2 were assigned to each fit where x denotes composition and S 0 2 denotes amplitude reduction factor. Note that
x Au(III) S 0 2 and x Au(0) S 0 2 almost always sum to $0.9. Any instances in the text referring to FT-peak before phase shift will be indicated. Linear combination fitting for the AuÀ ÀClÀ ÀCN system ( Fig. 8 ) was carried out over the range of 11 899 to 11 949 eV. The samples for the Au-Cl-CN system were measured as soon as possible after sample preparation; $30 min gap between sample preparation and XAFS measurements. À between water and DCE were observed. The mid-point potential was calculated to be 0.115 V (peak A) which is close to the previously reported values [9, 10] . When HCl was replaced by 10 mM LiCl (pH = 4), an additional pair of transfer peaks with a mid-point potential at À0.064 V (peak B) was observed ( Fig. 1 (b (Fig. S1 ).
Results and discussion
In view of this evidence, a previous assignment of the peak to [AuCl 2 ]
-appears less likely [18] . Table 2 EXAFS structural parameters for the Au(III) chloride-hydroxide systems shown in Fig. 2 .
Au-Au [Cl
, and the difference between ion transfer potentials of peaks A and B suggests that the latter is dependent on the difference between the solvation energies of Cl -and OH -in water and DCE, rather than the difference between AuÀ ÀCl and AuÀ ÀOH bond strengths. When 5 mM Li 2 SO 4 was used instead of LiCl ( Fig. 1(c) ), another pair of negative and positive peaks with a mid-point potential at -0.254 V (peak C) was observed in addition to peaks A and B. SO 4 2À is more hydrophilic than Cl -therefore extending the negative region of the potential window [38] . The strong white line at 11 920 eV showed constant intensity, except for the most basic case at 50 mM OH -(pH = 11.77, Fig. 2(a) ).
The presence of the intense white line for all the solutions indicates that the gold oxidation state remained at +III independent of pH.
The FT peak at 1.87 Å (before phase shift, Fig. 2(c) (Fig. 4-a) .
Positive and negative currents were observed at 0. À ion transfer was the only peak observed (peak D, Fig. 4 4 ] À = 0.5 mM, a negative current was observed at -0.036 V (peak E) in Fig. 5(a-1) . The peak potential is more negative than the [AuCl 2 ] À ion transfer (peak D) in Fig. 4(a) (7) and/or (8) [8] .
And/or
XAS characterization of this system of coupled equilibria was conducted under conditions similar to those of the voltammetric measurements again examining HAuCl 4 and hexacyanoferrate(II) solutions at different values of r. Fig. 7(a) Fig. 7(a) ). Fig. 7(b) and (c) show the k 3 -weighted EXAFS spectra and their corresponding Fourier transforms. As expected with increasing r, the FT peak at $1.8 Å (before phase shift, Fig. 7(c) ) corresponding to AuÀ ÀCl decreased and the $1.5 Å and 2.8 Å peaks corresponding to AuÀ ÀCN became more intense. We performed linear combination fitting at each value of r (0. 
Recall that in the VCTIES experiment described earlier in this section (Figs. 1 and 5(a-1) ), the first negative current (peak A) was assigned to the transfer of [AuCl 4 ]
À from water to DCE. Peak A remains similar even after the sample was aged for one day. The relative compositions of each species can be quantified from the limiting currents obtained in the VCTIES. The cyclic voltammetry for the fresh samples are shown in Fig. 5(a-1) with the relative compositions for the samples shown in Fig. 5(b-1) ; the samples aged for one day are shown in À is the reaction product. Interestingly, an additional ion transfer peak was observed for r = 0.5, 1, 2 and 4 for the fresh samples at À0.25 V (peak F), which is close to the negative current limit (transfer of Cl -as a supporting electrolyte).
The limiting current of peak F was found to decrease after 1 day. Although initially present in all samples apart from r = 0 and r = 10 after 24 h, the signal only remained present for r = 1 and 2, having decreased from 42.7% to 16.7% for the r = 1 sample and from 49.7% to 25.0% for the r = 2 sample. Thus, we suggest that peak F corresponds to a transient intermediate species in the reaction between [AuCl 4 ] À and hexacyanoferrate(II).
Cheng et al. [9] reported a peak similar to peak F. They assigned the peak to the electron transfer at the interface corresponding to the reduction of [AuCl 4 ] À to metallic Au in DCE, accompanied by If the electron transfer reaction described in Eq. (10) were to occur, Cl -would form in the organic solution instead of the aqueous. However, no current for the transfer of Cl -from the organic to the aqueous phase was observed within the potential window of the voltammogram (Fig. 5(a) ). À is shown in Fig. 9 Fig. 10 ), a negative and positive current at À0.2 V was observed in the presence of hexacyanoferrate(III) (solid line in Fig. 10 ), verifying that the unknown ionic species is formed.
Interfacial nanoparticle synthesis
We have been able to make observations with regard to the stability of Au species in solution. formed by the reduction of [Au(CN) 2 ] À by the stronger reducing agent sodium borohydride [42] .
Conclusions
The 
